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Abstract
Directed flow of nucleons and pions is studied in dierent pt intervals in S+S
and Pb+Pb collisions at 160A GeV. For simulations the microscopic quark-
gluon string model (QGSM) is applied. It is shown that the behaviour of the
directed flow of hadrons with high transverse momenta diverges considerably
from that of low-pt particles. Both light and heavy systems of colliding nuclei
exhibit negative values of the coecient v1(pt) of the azimuthal distribution
when the transverse momentum approaches zero. Since the formation of a
rapidly expanding thermal source is very unlikely for S+S and peripheral
Pb+Pb collisions, the most plausible explanation of the eect is shadowing.
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The collective flow of hadrons in ultrarelativistic heavy-ion collisions is a very useful signal
to probe the evolution of hot and dense nuclear matter from the onset of its formation [1{4].
Since the development of flow is closely related to the equation of state (EOS) of nuclear
matter, the investigation of the flow can shed light on the transition to a new phase of
matter, the so-called quark-gluon plasma (QGP), and its subsequent hadronization [5{10].
At present, the Fourier expansion technique is widely employed to study collective flow



















where pt and y are the transverse momentum and rapidity, and φ is the azimuthal angle
between the momentum of the particle and the reaction plane. The rst two Fourier coef-
cients in Eq.(1), v1 and v2, are dubbed directed and elliptic flow, respectively. Since both

































Apparently, one would expect that the directed flow drops to zero when the transverse
momentum decreases. Experimental results on pion and proton directed flow at both AGS
[14] and SPS [15] energies show that v1(pt) is positive at high pt and slightly but negative at
low transverse momenta, i.e., it approaches zero from the negative side. One of the possible
explanations of such a peculiar behaviour has been proposed in [12]. Here the interplay
of the radial expansion of a thermalized source and the directed flow has been discussed.
It was shown that the v1(pt) of protons became negative at small values of the transverse
momentum provided the transverse expansion velocity of a thermalized source was β = 0.55c
or higher.
The aim of the present paper is to elaborate the role of other eects which can cause the
preferential emission of particles in the direction opposite to that of the normal flow (the so-
called antiflow) at small pt. For this purpose the quark-gluon string model (QGSM) is chosen.
The QGSM, which treats the elementary hadronic interactions on the basis of Gribov-
Regge theory, is based on the 1/Nc (where Nc is the number of quark colours or flavours)
topological expansion of the amplitude for processes in quantum chromodynamics and string
phenomenology of particle production in inelastic binary collisions of hadrons. The model
incorporates the production of particles via string excitation and subsequent fragmentation,
as well as the formation of resonances and hadron rescattering. As independent degrees of
freedom the QGSM includes octet and nonet vector and pseudoscalar mesons, and octet
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and decuplet baryons, and their antiparticles. The model simplies the in-medium eects
and focuses mainly on the development of an intranuclear cascade. Further details on the
QGSM can be found elsewhere [16].
For the simulations at SPS energies, Elab = 160A GeV, light
32S+32S and heavy
208Pb+208Pb symmetric systems have been chosen. According to the QGSM predictions
[17] the mean number of interactions per hadron, hNhinti, equals 2 even for central sulphur-
sulphur collisions and 9 for central lead-lead collisions at 160A GeV. Due to signicant
increase of hNhinti with rising mass number, one can study the role of the intranuclear cas-
cade on the formation of transverse collective flow. Although the light S+S system, or rather
part of it, cannot be treated as a thermalized source, the formation of thermally equilibrated
matter in Pb+Pb collisions is not ruled out. The system expands until all interactions and
decays in the reaction have ceased. This stage corresponds to the conditions of thermal
freeze-out. Note, however, that the system of nal particles in the course of model simula-
tions may be well approximated by a core and a halo structure. The halo contains frozen
particles already decoupled from the main system, and the core consists of hadrons inten-
sively interacting, both elastically and inelastically, with each other. In other words, there
is no sharp freeze-out picture in the microscopic model [17].
The evolution of the number of frozen particles with time t is shown in Fig. 1 for pions and
nucleons in Pb+Pb central collisions. The contour plots (dashed areas) correspond to the
dN/dt distribution in dierent rapidity intervals. One can see that the pionic distributions
peak at t  8 fm/c, and the nucleon distributions reach their maxima later, at t  17 fm/c.
It is important for our analysis that the positions of the maxima on the time scale are not
shifted when the rapidity range is enlarged. It means, particularly, that the pt distributions
in dierent rapidity intervals, given by Eq.(2), should be quite similar. Therefore, the
v1(y, pt) is used to study the transverse momentum dependence of directed flow. Note
that many hadrons with high rapidity, especially pions, are emitted from the very beginning
of the nuclear collision. These particles usually have rather high transverse momentum as
well. Thus, the directed flow of both pions and nucleons is expected to change its behaviour
with increasing pt.
Figure 2 depicts the directed flow of nucleons and pions in two pt intervals, 0.3 < pt < 0.6
GeV/c and 0.6 < pt < 0.9 GeV/c, for Pb+Pb collisions with dierent centrality. The
maximum impact parameter for a symmetric system is bmax = 2 RA. The value of the
reduced impact parameter ~b = b/bmax in the simulations varies from 0.15 (central collisions)
up to 0.9 (most peripheral collisions). At pt < 0.6 GeV/c the pionic flow exhibits the
typical antiflow in both, semicentral and peripheral, collisions. In the same pt interval the
nucleon flow increases as the reaction becomes more peripheral. However, at b  8 fm
the flow becomes softer in the midrapidity range. In very peripheral collisions the directed
flow of nucleons shows an antiflow behaviour which is similar to that of the pionic directed
flow. As was shown in [18{20], see also [21], such a transformation of the nucleon flow is
explained merely by shadowing: It is well known that the presence of even a small amount of
quark-gluon plasma leads to a softening of the equation of state, which results in a signicant
reduction of the directed flow. However, since the QGP is expected to be produced primarily
in central heavy-ion collisions, the eect should be most pronounced in central collisions. In
contrast, shadowing causes the disappearance of nucleon directed flow and the development
of antiflow in the midrapidity region especially in semiperipheral and peripheral collisions,
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as well as in light systems.
The behaviour of directed flow changes drastically in the transverse momentum range
0.6 < pt < 0.9 GeV/c, presented in Fig. 2(b). Although the nucleon directed flow decreases
in the midrapidity range at b  10 fm, its normal component still dominates over the antiflow
counterpart. Moreover, even high-pt pions prefer the direction of normal flow, distinctly
seen in semiperipheral events with 4  b  6 fm. It means, in particular, that hadrons
with high transverse momenta (pt  0.6 GeV/c) are produced mainly in the baryon-rich
regions of ongoing remnants of colliding nuclei, and not in the relatively dilute central area
of expanding nuclear matter. Microscopic investigation of the emission times of hadrons
at SPS energies reveals [17] that nucleons with maximal transverse momenta in lead-lead
collisions are coming from intermediate times with maximum at t  13 fm/c. In contrast
to nucleons pions with high pt are produced in inelastic primary NN collisions in heavy-ion
reactions, while soft particles are emitted during the whole evolution time. This is a general
trend in the production of soft and hard particles in relativistic heavy-ion collisions.
The role of rescattering in the formation of directed flow is illustrated in Fig. 3. Here
the directed flow as a function of rapidity in several pt intervals is compared in minimum
bias S+S and Pb+Pb events at 160A GeV. Lacking a suciently large amount of secondary
interactions per hadron, the directed flow of both nucleons and pions in the light S+S system
changes very weakly with rising transverse momentum from pt  0.3 GeV/c to 0.6 < pt < 0.9
GeV/c. In the heavy ion system, however, the directed flow of hadrons depends strongly
on the pt range. With increasing transverse momentum the nucleon flow becomes stronger.
Note also that, since the bulk amount of particles is produced with transverse momenta less
than 300 MeV/c, the distribution, given by Eq. (3), integrated over the whole pt interval is
very close to that for 0 < pt < 0.3 GeV/c.
The directed flow of nucleons and pions integrated over the whole rapidity range is shown
in Fig. 4. In S+S collisions the nucleon directed flow, v1(pt), is small and positive everywhere
except of the lowest pt interval (pt  100 MeV/c). In Pb+Pb collisions nucleon and pion
directed flows are negative at low transverse momenta. Using the expression for the directed
















where T is the temperature, βa is the collective velocity along the directed flow axis, β0
is the transverse expansion velocity of the source, and I is the modied Bessel function,
one can also reproduce the negative values of v1(pt) in the low pt region. Note, that the
validity of Eq. (4) for, e.g., protons is restricted to the range of pt  0.5 GeV/c. A relativistic
generalization of Eq. (4) to an expansion in three dimensions [12] leads to an increase of about
15% in the expansion velocity needed to describe the low pt dip in the v1(pt) distribution.
Results for a t of Eq. (4) to the low-pt part of the v1(pt) are plotted in Fig. 4 also. The
tting parameters are βa = 0.1c, T = 90(120) MeV, and β0 = 0.48(0.55)c for S+S (Pb+Pb)
collisions. For S+S collisions a better agreement with the simulation results at very low
transverse momenta can be achieved if one assumes that βa can rise to 0.95c. However, the
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collective flow in sulphur-sulphur system is weak [22], and the whole system is far from being
in thermal equilibrium. Therefore, the plausible explanation of negative values of v1(pt) is
shadowing. In lead-lead collisions local thermal equilibrium can be reached at least in the
central zone of semicentral collisions with impact parameter b  4 fm [23]. Thus, in these
events directed flow can be aected by both, radial isotropic expansion and shadowing. In
peripheral collisions the possible formation of a thermalized source becomes less important.
Here the development of nucleon antiflow in the midrapidity region, as well as in the low pt
interval, is completely determined by shadowing.
In conclusion, the directed flow of nucleons and pions as a function of rapidity has been
studied in dierent pt intervals in light and heavy ion collisions at SPS energies. It is shown
that the slope of the directed flow of nucleons with pt  0.6 GeV/c is positive (normal
flow) in semicentral and semiperipheral collisions, and negative (antiflow) in very peripheral
ones, where b/bmax  0.7. At higher transverse momenta the slopes of both pion and
nucleon directed flow become positive. This means that particles with high pt are produced
essentially either in the areas of flying away residues of colliding nuclei (nucleons), or in the
very early phase of the reaction in primary nucleon-nucleon collisions (mesons).
Pion and nucleon directed flow indicates negative values as particle transverse momenta
approach zero. Since the formation of a rapidly expanding thermal source in peripheral
heavy-ion collisions and in light S+S collisions is rather unlikely, the eect is caused by
nuclear shadowing. Hadrons emitted at small rapidity in the antiflow direction can propagate
freely, while hadrons emitted in the normal flow direction still remain within the expanding
subsystem (or core) of interacting particles. To study the interplay between the isotropic
radial flow and anisotropic directed flow one has to subtract shadowing from the analysis of
experimental data.
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FIG. 1. Evolution of number of frozen pions (upper panel) and nucleons (lower panel) with time
t in central Pb+Pb collisions at 160A GeV. Hatched areas correspond to the central-mass-frame












































FIG. 2. (a) Centrality dependence of directed flow, v1(y,pt), of nucleons (solid circles) and
pions (open circles) in the transverse momentum interval 0.3 < pt < 0.6 GeV/c in Pb+Pb collisions
at 160A GeV.



































































0 < pT < 0.3 GeV/c 0 < pT < 0.3 GeV/c
0.3 < pT < 0.6 GeV/c 0.3 < pT < 0.6 GeV/c
0.6 < pT < 0.9 GeV/c 0.6 < pT < 0.9 GeV/c
all pT all pT
Pb+Pb 160AGeVS+S 160AGeV
FIG. 3. Directed flow, v1(y,pt), of pions (open circles) and nucleons (solid circles) in dierent

























FIG. 4. Directed flow, v1(pt), of pions (open circles) and nucleons (solid circles), integrated
over the whole rapidity range, in Pb+Pb (upper panel) and S+S (lower panel) collisions at 160A
GeV. Solid curves indicate the results of the t of Eq. (4) to the nucleon flow in the low pt region.
See text for details.
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